Introduction
============

The gradual degradation of articular cartilage is a hallmark of osteoarthritis (OA), a major musculoskeletal disease that contributes to the number one cause of disability in adults.^[@r1]-[@r3]^ Anatomically, articular cartilage is a thin layer of connective tissue covering the load bearing ends of bones in joints to absorb shocks and distribute loads. While the structure and properties of healthy and diseased cartilage have been studied extensively, an accurate diagnosis of early OA in humans, at a stage when a clinical intervention might potentially be useful, remains elusive in practice.^[@r4]^ The early diagnosis has two main obstacles: 1) the early changes in the tissue's fine structure and delicate functions markedly precede the development of OA as a clinical disease; and 2) current diagnostic imaging has insufficient resolution and unsatisfactory sensitivity to detect early (i.e., small) lesions in cartilage.

In order to overcome the first obstacle, animal models of the human disease have been established. Since OA is a slow-progression disease spanning many years, the disease remains silent at the early stages. When a patient presents to a clinic, it is usually due to complaining of pain in the joints -- unfortunately, pain correlates poorly with what the cartilage looks like, whether histologically, arthroscopically, radiologically or on MRI.^[@r5]-[@r9]^ As one cannot initiate a disease in humans, and is it not possible to test some potential disease-modification drugs on humans before the drugs' effectiveness is demonstrated, animal models serve an essential purpose in human biomedical research. Once we understand the degradation of tissue from the very beginning (the most vital period) to the end, step-by-step, in animal models, an intervention at the early stages before the point-of-no-return could be designed to eventually save human joints.

In order to overcome the second obstacle, one must have high-resolutions in any diagnostic imaging.^[@r10]^ This is because articular cartilage contains complex, depth-dependent structures and localised progression of disease across its thin thickness. Since MRI is the only totally non-invasive imaging tool with excellent soft-tissue contrast, microscopic MRI (µMRI) is the logical bridge that would be able to translate the findings between invasive procedures (e.g., light microscopy or biochemical assay) and clinical MRI diagnostics. As there is no difference in physics principles and engineering architectures between µMRI and clinical MRI, there exists no fundamental obstacle that will prevent the realisation of higher resolutions in clinical MRI scanners.^[@r10],[@r11]^ Since the tissue or organ in common animal models are smaller than human tissues and organs, and since the goal of any biomedical research is to identify the early lesion, the use of high-resolution µMRI in animal studies is an effective and logical strategy to identify the parameter or procedure that might be clinically useful.

This review briefly summarises some of the definitive studies of articular cartilage by µMRI that have the highest spatial resolutions. Rather than an exhaustive review to capture all activities in the literature, the studies cited are merely illustrative. The interested readers can easily find additional readings and many equally important studies with a key-word search.

Articular cartilage
===================

Articular cartilage in large animals and humans contains a scattered population of living cells (chondrocytes), which accounts for 1% to 2% of the total tissue.^[@r12]^ Most of the cartilage is extracellular and composed primarily of three molecules: water (approximately 70%), collagen (approximately 20%) and proteoglycan (approximately 5%).^[@r13],[@r14]^ The collagen in the tissue is primarily type II triple-helical fibrils that form a 3D matrix.^[@r15]^ The proteoglycan (PG) has a bottle-brush-like structure with numerous side-chains of sulfated glycosaminoglycans (GAGs).^[@r16]^ Structurally, articular cartilage is highly ordered and is commonly considered to comprise three sub-tissue zones based on the local orientation of the collagen fibrils (Fig. 1a).^[@r17],[@r18]^ These three zones are the superficial zone (SZ) where the collagen is orientated parallel with the articular surface, the transitional zone (TZ) where the collagen is orientated rather randomly, and the radial zone (RZ) where the collagen is orientated perpendicularly to the articular surface. In addition, many of the biological and physical properties of articular cartilage are also known to be depth-dependent (Fig. 1b).^[@r13],[@r14],[@r16],[@r19]^

![The depth-dependent structures and properties of canine humeral articular cartilage by µMRI. Figure 1a -- schematic diagram of cartilage showing the orientation of the collagen fibrils (the short lines) in different histological zones and the orientation of the chondrocytes (the circles and ovals) (not to scale). Figure 1b -- approximate water concentration and depth-dependent compressive modulus in cartilage. Figure 1c -- T~2~ anisotropy profiles of articular cartilage at different specimen orientations (0° is when the articular surface is perpendicular to the magnetic field direction). Figure 1d -- T~1~ profiles of articular cartilage at two specimen orientations. Figures 1e and 1f -- T~1ρ~ profiles of articular cartilage under three different spin-lock powers e) at 0° and f) at 55°. Figure 1g -- self-diffusion profiles of articular cartilage when the diffusion gradient is applied in the two different directions.](2000135-galleyfig1){#f1}

It should be noted, however, that the common definition of these 'sub-tissue zones' is only a concept, not a clearly defined reality.^[@r19]^ Anyone who uses a high-resolution imaging tool to examine a piece of articular cartilage would not find any sharp 'line' or 'border' across which the property of tissue differs distinctively. Instead, the tissue changes gradually over a finite distance, which yields a continuous function of tissue properties. Consequently, any criterion to truncate the continuous function into several discrete zones is intrinsically arbitrary and model-dependent.^[@r19]^ The concept of these 'discrete zones', however, is a useful one in terms of focusing attention to a particular portion of tissue.

MRI and µMRI
------------

The principles of nuclear magnetic resonance imaging (NMR Imaging or MRI) are well understood. At the heart of the technique is the linear proportionality between the precessional frequency of the nuclei (e.g., protons in water) and the magnitude of the external magnetic field in which the nuclei are immersed. By making the magnetic field deliberately non-uniform (commonly a linear gradient), the frequency of these nuclei will differ from one location to another across the sample. The location of the nuclei is, therefore, encoded by a shift of their precessional frequencies. By setting up three gradient fields in three orthogonal directions, the nuclei (or water molecules) can be spatially encoded in any 3D or 2D space.

With the scaling down of the receiver coil and fine-tuning of the instrument, the resolution of MRI could be as fine as 10 µm. When the size of one volume element (voxel) of the image is \< 100 µm, MRI is termed NMR microscopy (microscopic MRI, or µMRI).^[@r11],[@r20]-[@r22]^ µMRI is exceptionally well suited for thestudy of spatially heterogeneous biological materials in animal models because of its high sensitivity to the molecular environments. The ability to produce microscopic-resolution images of molecular-level environments and activities distinguishes µMRI from other microscopic imaging methods such as ultrasound or CT. The fact that µMRI shares identical physics principles and engineering architectures with clinical MRI ensures the direct relevance of the µMRI results to clinical MRI research. Since the proton (^1^H) is the most common nucleus in biological systems, and also the most sensitive nucleus among all nuclear species, the majority of MRI experiments are carried out to measure the protons in water molecules. In articular cartilage, MRI essentially measures extracellular matrices (the cells are invisible in MRI), where the depth-dependent characteristics of the collagen matrix play the foremost role.

Concept of MRI contrast
-----------------------

The exquisite sensitivity of MRI signals to molecular motion and molecular dynamics is the true value of this non-destructive and non-invasive imaging technique, a technique that can best be understood in terms of image contrasts.^[@r11]^ There are several fundamental mechanisms in MRI contrasts. For example, if the molecule moves physically from one location to another during an imaging experiment (such as the blood flow in animal or human, or vascular flow in plants), the MRI signal will carry an extra phase shift associated with the flowing molecule. The molecule's velocity can be quantified in the subsequent image analysis.^[@r23],[@r24]^ Another example relates to the time delay for the molecules when they are excited and sampled, which will manipulate the MRI signal with a complex attenuation that can also be quantified. In principle, it is difficult to acquire a map of the true water density in MRI, as any image in MRI is always weighted by several intrinsic image contrasts regardless of whether the experimentalist intends to image the contrast or not. A perfect example of this type of unwanted image contrast is the 'magic angle effect' in MRI of cartilage^[@r25]^; this effect has an orientation-dependent inconsistency between the known water content and the image intensity of the specimen.

Three relaxation times are the most important in MRI of cartilage. They are T~1~ (the spin-lattice relaxation time), T~2~ (the spin-spin relaxation time), and T~1ρ~ (the spin-lattice relaxation time in the rotating frame). The fundamental principles of spin relaxation in MRI reside deep in NMR physics and are beyond the scope of this review. In essence, these relaxation times are closely related to different frequencies of the molecular dynamics. It can be shown that T~1~ is sensitive to the highest frequencies of molecular motions, or frequencies close to the precessional frequencies in the MHz range; T~1ρ~ is sensitive to the intermediate frequencies of molecular motions, probably in several or tens of kHz; and T~2~ is sensitive to the lowest frequencies of molecular motions involving static or slowly fluctuating magnetic fields.^[@r26]^

A subtle feature of the relaxation time measurement in biological systems is the possible dependency of their values on the specimen orientation in the external magnetic field, where the relaxation times are said to have anisotropy. The main cause of the relaxation anisotropy is the dipolar interaction between the water molecules and the (less mobile) macromolecules in the tissue. In addition, the exchange between different molecular environments and cross relaxation between protein macromolecules and water are important aspects of the relaxation mechanism in biological materials. For articular cartilage, T~1~ relaxation was found to be isotropic while T~2~ relaxation was found to have a strong orientational dependence that varied as (3cos^2^θ -- 1),^[@r27]^ the geometrical factor that dominates the non-zero dipolar Hamiltonian. These characteristics are the indications of slow macromolecular motion in cartilage, likely related to the highly constrained motion of swollen proteoglycans in the collagen matrix.^[@r28]^

In addition to three relaxation times, several other MRI parameters can also cause the image contrast of cartilage in MRI, including self-diffusion (D) and magnetisation transfer (MT). Self-diffusion measures the random Brownian motion, a motion that results in the loss of the MRI signal amplitude and can be quantified with the use of specific imaging sequences. The diffusion images from articular cartilage also have some anisotropy,^[@r29]^ which is weaker than the T~2~ anisotropy in cartilage. Since D and MT are smaller effects than the relaxation times are, measurements of self-diffusion and magnetisation transfer are less common in the MRI of cartilage.

Experimentally, since the images from MRI are intrinsically weighted by some of these image contrast factors, one can use specific pulse sequences to purposely acquire a weighted image (e.g., T~1~- or T~2~-weighted). Alternatively, one can acquire a series of images, each weighted by the same contrast factor but by a different amount. A subsequent pixel-by-pixel calculation can construct a parameter image, such as a T~1~ or T~2~ image. The practice of calculating the parameter images has become common clinically.

Characteristics of articular cartilage by MRI at microscopic resolution
=======================================================================

It has been known for two decades that normal (i.e., healthy) articular cartilage can appear laminated in MRI when the tissue is placed at certain orientations with respect to the external magnetic field.^[@r25],[@r30]-[@r33]^ In other words, instead of having a uniform intensity, several thin sub-layers that are parallel with the articular surface (the surface of the tissue) can be seen inside the cartilage. Each of the sub-layers has a different intensity and thickness.^[@r31],[@r33],[@r34]^ When the tissue surface is placed at about 55° with respect to the main magnetic field, the tissue intensity can become homogeneous and higher than at other angles. Since 54.57° is known as the magic angle in MRI physics, this laminar appearance of articular cartilage is also known as the magic angle effect of cartilage in MRI literature.^[@r35]-[@r37]^

T~2~ relaxation
---------------

The origin of the magic angle effect in MRI of cartilage soon became clear with the discovery of T~2~ anisotropy in articular cartilage in the mid-1990s. In essence, T~2~ in articular cartilage is both depth-dependent and orientation-dependent, as shown in Figure 1c.^[@r27],[@r38]^ These features of T~2~ anisotropy were immediately interpreted as being caused mainly by the depth-dependent structure of the collagen matrix in cartilage,^[@r25]^ which imposes a depth-dependent motional anisotropy for the protons in the tissue due to their close interaction with the collagen matrix. A set of quantitative criteria was soon developed in a combined µMRI and polarised light microscopy study that successfully divided the tissue into three MRI zones, which were statistically equivalent to the three histological zones in cartilage.^[@r39]^ This equivalency between the µMRI zones and histological zones is important because it demonstrates that just as noncalcified cartilage can be conceptually subdivided based on the orientation of the collagen fibers into three distinct structural zones in histology, in µMRI, a piece of articular cartilage can also be subdivided based on the regional characteristics of T~2~relaxation into three structural zones. This enables multidisciplinary research of cartilage.

T~1~ relaxation
---------------

In contrast to the strong T~2~ anisotropy in articular cartilage, T~1~ in articular cartilage is known to be isotropic to the magnetic field direction and has only a small dependency on its tissue depth, as shown in Figure 1d.^[@r25],[@r40]^ This isotropic T~1~ and anisotropic T~2~ in healthy cartilage tissue indicate precisely the very slow motion of the water molecules, which came from the highly constrained proteoglycans in cartilage (hence the lack of high frequency motions). In most imaging experiments, therefore, T~1~ itself would cause few complications in MRI of articular cartilage. Recently, a laminar appearance that had the opposite intensity pattern was observed in MRI of cartilage by using some fast imaging sequences.^[@r41]^ This reversed laminae was attributed to the small reduction of T~1~ in the deep tissue (Fig. 1d), which causes the intensity elevation of the deep tissue in MRI, a phenomenon noted earlier as "uncertain etiology" by McCauley and Disler.^[@r42]^ This reversed laminae in cartilage reminded us that the underlying molecular structure in cartilage and the imaging methodology should both be considered when one examines the appearance of cartilage in MRI.

The usefulness of T~1~ relaxation in MRI of cartilage came from the development of the dGEMRIC (delayed Gadolinium Enhanced Magnetic Resonance Imaging of Cartilage) protocol in MRI. This protocol doped the tissue with the Gd(DTPA)^2-^ contrast agent. Since these charged ions distribute in the cartilage in an inverse relation compared to the concentration of the negatively charged GAG molecules, and since gadolinium is a paramagnetic ion that shortens the T~1~ relaxation, a GAG image can be constructed based on two T~1~ images acquired before and after the patient is injected with the Gd contrast agent.^[@r43]-[@r48]^ This dGEMRIC procedure has become important in the clinical detection and management of joint diseases, since the reduction of GAG in tissue will result in a biochemically and biomechanically weakened cartilage, an early sign of the tissue degradation. A set of high-resolution GAG profiles was obtained in µMRI,^[@r49]^ which shows that the GAG concentration in canine cartilage is approximately a linear function, increasing from the superficial zone to the radial zone. One peculiar feature in the original dGEMRIC protocol was an arbitrary scaling constant of two,^[@r43]^ which was needed to make the experimental values between MRI and histochemistry agree with each other. This arbitrary scaling factor was recently found to be unnecessary.^[@r50]^

T~1ρ~ relaxation
----------------

The sensitivity of T~1ρ~ relaxation to molecular motion is in a frequency range between T~1~ and T~2~; the slow (but not static) motional interactions between the confined water molecules and the macromolecules makes T~1ρ~ less sensitive to the local fibril orientation. A unique feature (or complication) of T~1ρ~ relaxation is its dependency on the strength of the spin-lock field (the radiofrequency field that locks the magnetisation in the transverse plane), a phenomenon termed as T~1ρ~ dispersion (Figs 1e and 1f).^[@r51]^ When the power of the spin-lock field is zero, T~1ρ~ relaxation is identical to T~2~ relaxation, which has all the features of T~2~ anisotropy (note the similarity between T~1ρ~ at 0 Hz in Fig. 1e and T~2~ at 0° in Fig. 1c). With an increase of the spin-lock strength, T~1ρ~ becomes less anisotropic, less depth-dependent, and has higher values. With a sufficiently high spin lock field (e.g., \> 2000 Hz), the influence of the dipolar interaction to spin relaxation is sufficiently minimised to yield the measurement of a 'true' T~1ρ~ (note the similarity of the T~1ρ~ profiles at 2000 Hz in Figures 1e and 1f).

In most clinical MRI scanners, this 'sufficient spin-lock power' condition is never met, since most clinical MRI can only have the spin-lock field \< 1000 Hz. The T~1ρ~ value and profiles from the clinical MRI experiments are hence not 'pure' and still subject to the influence of the dipolar interaction (hence a small amount of the magic angle effect). Nevertheless, a reduced sensitivity to the dipolar interaction (and hence to the specimen orientation in the magnetic field) is a welcome feature in human imaging where the subject orientation in the magnet cannot be adjusted easily.

Diffusion
---------

Self-diffusion quantifies random Brownian motion, which can be measured in µMRI by the incorporation of a pair of specific gradient pulses in the imaging sequence.^[@r24]^ In early MRI literature, the value of self-diffusion was shown to be relatively uniform for most of the upper tissue and to decrease in the deep tissue. In addition, a small diffusion anisotropy (i.e., diffusion tensor^[@r52],[@r53]^) was found in articular cartilage (Fig. 1g)^[@r29],[@r54]^ and found to occur at surface and deep portions of the tissue when the diffusion gradients were pointed to different directions (Fig. 1g). Several groups reported the increase of self-diffusion by about 20% to 30% upon trypsin-induced cartilage degradation.^[@r55],[@r56]^ A more comprehensive study of the role of the diffusion measurement in cartilage degradation involved the use of several biochemical assays - each manipulated the GAG and collagen contents in cartilage distinctly differently.^[@r57]^ The measurement suggested that the diffusion *was* *not* sensitive solely to the proteoglycan content of cartilage. Furthermore, analysis for collagen degradation established that diffusion does not depend solely on the collagen content of the tissue either. A likely mechanism to account for the increase in MRI diffusion values in both naturally occurring lesioned and biochemically-degraded cartilage is one in which microscopic holes are created that take the place of the macromolecules that have been degraded. Water fills these holes, and it is the enhanced freedom of water to diffuse within these holes that produces an increase in diffusion. This suggestion is supported by the observation that degenerated cartilage contains more water than normal tissue.^[@r58]^ Compared with the widespread usage of relaxation measurement in MRI of cartilage, the potential for diffusion in MRI of cartilage may require further work.^[@r59]^

Multi-component relaxation
--------------------------

Since the dynamics of water molecules closely reflect the macromolecules they are associated (interacted) with, there must be more than one population of water in articular cartilage or any biological tissue. For example, one can speculate about the existence of the water associated with the collagen (the crystalline water), the water associated with the proteoglycan (the hydration water), and the relatively free water^[@r60]^ (ignoring for the moment the exchanges among the different populations and the distribution of each population). Therefore, each relaxation time could have at least three components, each corresponding to one particular type of water population. In other words, the general practice in MRI that assigns only one value to T~1~, T~2~, or T~1ρ~ at any pixel location is an approximation. While this is a correct statement in principle, whether one can measure all the components experimentally depends upon many practical factors. First, the individual components must be sufficiently different from each other for them to be resolved. Secondly, the exchange process among the spin populations must be sufficiently small to allow the differentiation of the individual components. Thirdly, the MRI instrument and experimental protocols must be capable of resolving the individual components. Finally, one must have an adequately small imaging voxel (i.e., high resolution) to avoid simple volume averaging of different morphological structures. What contributes to each of the four factors is beyond the scope of this brief review. Some succinct statements on multi-component relaxation can be made here.

1\. Just as the fact that the notion of the *discrete* sub-tissue zones in articular cartilage is only a concept, the notion of three *discrete* water populations in cartilage is also only a concept. In reality, there are layers and layers of water molecules surrounding any macromolecule. Each outside layer would have weaker interactions with the macromolecule. In addition, the water molecules in each layer are also constantly moving to different layers. Hence, the distribution of any water population could never be a delta function, but would be a broad distribution peak. By the theory of relaxation physics, exchanges among these different populations do exist, which would further blur the distinction of the individual relaxation peaks.

2\. Common protocols in clinical MRI and µMRI all have a minimum echo time of several milliseconds, during which the molecular information is not accessible. Most imaging experiments, hence, cannot resolve the shortest relaxation components (the water molecules that tightly interact or bind with the macromolecules). In addition, most relaxation protocols do not have sufficient resolutions to differentiate between different relaxation components. Consequently, almost all quantitative relaxation experiments by clinical MRI and µMRI in literature resolve only one relaxation component, which is influenced jointly by different amounts of all water populations. The only way to resolve multi-component relaxation in any imaging experiment is to reduce the min echo time^[@r61],[@r62]^ and to increase the relaxation resolution.^[@r63]-[@r67]^

3\. The result of a multi-component relaxation experiment depends greatly upon the size and orientation of the imaging voxel. This is because any bulk (i.e., by spectroscopy) or low-resolution imaging must have its signal from a tissue volume that is large enough to contain many different structures, and hence, exhibiting several relaxation components. Only by µMRI can one measure multi-component relaxation coexisting intrinsically in the tissue. Recently, the role of dipolar interactions toward the measurements of multi-component relaxation in MRI of cartilage was noticed in several studies. Briefly, bovine nasal cartilage was found to have two T~2~ components in some studies^[@r67]-[@r69]^ and one T~2~ component in some other studies.^[@r63],[@r65]^ Based on a 're-discovery' that nasal cartilage has a residual fibril anisotropy,^[@r70]^ we recently provided the explanation that can unite the inconsistency in the literature^[@r66]^: there is a transition between multi-components and the mono-component in nasal cartilage, due to the influence of the residual collagen anisotropy and the strength of the spin-lock field.^[@r66]^ These recent results demonstrate that the specimen orientation and experimental parameters must be considered for any multi-component analysis, even for nasal cartilage that is commonly considered homogenously structured.^[@r71],[@r72]^

Factors that influence the cartilage appearance in MRI
======================================================

In addition to the contrast factors that are important in MRI of cartilage, many experimental and tissue factors can also influence the appearance of articular cartilage in MRI and the detection of cartilage lesion by MRI. Detailed features of these experimental and tissue factors are beyond the scope of this review. Several factors are briefly discussed in this section.

The resolution scaling law in MRI of articular cartilage
--------------------------------------------------------

The image resolution in MRI has non-trivial effects on the outcomes of the experiment. The dimension of an image voxel includes not only the common pixel resolution and slice thickness, but also the orientation of the universally pencil-shaped voxel in MRI.^[@r10]^ The goal in any biomedical MRI is to tailor the dimensions and orientation of the image voxel to maximise the homogeneity of the molecular environment in each voxel, consequently reducing any artifacts due to partial volume averaging among different molecular populations (e.g., small lesion and large background tissue) within the same voxel. A resolution scaling law in MRI of cartilage^[@r10]^ was formulated several years ago, which concluded that the transverse resolution in MRI for cartilage should ideally be 2% of the relative tissue depth per image pixel, which translates to about 40 µm for a 2 mm thick tissue (such as human knee or hip). This ideal resolution, at the present time, still poses challenges to whole-body MRI scanners. However, the societal importance of managing joint diseases, which is the number one cause of disabilities in the population,^[@r3]^ is a sufficient motivation for all of us to work together to design higher-resolution MRI systems (e.g., extremity MRI) around this problem, and to develop novel MRI protocols (e.g., short echo-time protocols) that are exquisitely sensitive to the unique events in the early degradation of cartilage.

Strategies in image analysis for MRI of articular cartilage
-----------------------------------------------------------

Whether or not we have high resolution to resolve the details of articular cartilage, the layered-fan strategies in image analysis can improve the sensitivity and specificity of our MRI results. First, since T~2~ anisotropy is always present in articular cartilage, we should always sub-divide the tissue in post-acquisition image analysis into several parallel layers, i.e., surface layer, middle layer, and deep layer. This layered analysis would always produce better results than obtaining a value that averages across the tissue depth. Secondly, instead of dividing the tissue into three equal-thickness layers, if the data allows, we should give the layers different thicknesses, with the first and second layers being the thinnest possible, and the last layer representing the thickest deep tissue. This way, one tries to separate and emphasise the differences among the three zones. Finally, instead of grouping all the values in each layer together, we should divide the tissue into several fan-segments (each at a different orientation with the magnetic field) and group all the values in any layer that have approximately the same orientation with respect to the magnetic field, in order to account for the consequences of the magic angle effect.

Imaging visualisation of the total tissues
------------------------------------------

Not all cartilage can be visualized in an MRI experiment. Since the echo time (TE) in common MRI pulse sequence is finite (typically 10 ms), it is difficult to image the portion of the tissue/water that has a T~2~ relaxation time much shorter than the experimental TE. In cartilage MRI, the finite-width dark band between the soft tissue and bone might contain the invisible tissue. This is because the effects of TE and the relaxation time (e.g., T~2~) are accounted for in MRI as a ratio: exp(-TE/T~2~). For example, if the TE equals the T~2~, the value of exp(-1) is 0.37, which means that this particular tissue/molecule component that has a T~2~ relaxation time of 10 ms makes only a small contribution towards the total signal. If the ratio of TE over T~2~ becomes -5, this portion of the tissue would contribute less than 1% towards the total signal, i.e., this portion of the tissue with a T~2~ of 2 ms, when imaged under a TE of 10 ms, will be practically invisible on MRI. In order to image the total tissue, therefore, one needs to minimise the echo time of an MRI experiment.

Topographical variations of tissue properties
---------------------------------------------

Cartilage is not a homogenous material.^[@r73]-[@r82]^ This is certainly true for cartilage from different joints or from different species. Even for cartilage from different sampling sites of the same joint, a number of topographical variations in the chemical, physical, optical, and mechanical properties have been observed^[@r83]^; all of these topographical variations are also age-dependent,^[@r84]^ which is probably a consequence of the load-bearing and motional patterns for particular joints and animals. Because of these topographical variations, one must keep in mind that a different sampling site within a relatively small area of the same joint surface may significantly alter the outcomes of the study, regardless of whether the study is morphological or mechanical, physical or chemical, *in vivo* or *in vitro*, clinical or in laboratory, or spectroscopic or imaging.

Surface fibril ambiguity
------------------------

The orientational change of 90° for collagen fibrils between the SZ and the RZ is well accepted. This 90° orientational change, however, still leaves the freedom for the surface fibres to distribute themselves in any orientation in a 2D plane that is parallel with the articular surface: hence the observation of a "surface fibril ambiguity" in MRI literature.^[@r38]^ Consequently, although the deep portion of the profiles of T~2~ or T~1ρ~ at small spin-lock powers is consistent among a group of cartilage specimens, the surface portion of the profiles of T~2~ or T~1ρ~ at small spin-lock frequencies can still fluctuate. Several years ago, a µMRI experiment was conducted purposefully to examine the surface fibril anisotropy.^[@r85]^ A clear periodicity was found in the T~2~ anisotropy at the superficial zone, which demonstrates that the distribution of the collagen fibrils in the superficial zone is not random. A collagen architecture model was formulated to interpret the experimental data, which suggests a potential mechanism that might be used to detect the fibrillation on the surface of articular cartilage *in vivo* and would provide an early indication of tissue degradation and joint disease.

Deformation of articular cartilage due to external loading
----------------------------------------------------------

Since collagen orientation can significantly alter the intensity pattern of cartilage in MRI, a deformed collagen matrix in cartilage (which is natural to cartilage as a load-bearing tissue) must have some consequences in MRI of cartilage. Several µMRI studies during the last ten years have documented the functional changes of the tissue due to the external loading. In essence, the value of the relaxation will decrease in loaded cartilage. In addition, contrary to what has been observed in normal (unloaded) cartilage at the magic angle (Fig. 1c), the loaded tissue at the magic angle no longer appears homogenous. Instead, there is a distinctly laminar appearance at the magic angle, which contains a strain-dependent dark band.^[@r86],[@r87]^ This work implies that compression can become a controllable mechanism in MRI to induce new image contrast and can be, in every sense, a functional study of the tissue's structures and properties -- compression may be used to study the damage to the fine structure of the collagen matrix, and the reduction of the proteoglycan contents in cartilage. This topic is being studied actively in our lab in recent years.^[@r88]-[@r90]^ MRI of loaded cartilage has also been realised in recent years in clinical MRI.^[@r91],[@r92]^

Cartilage lesions
-----------------

The theory of MRI physics implies that the values of the relaxation and diffusion would increase if the water molecules were in a less viscous and freer environment. The mechanisms of cartilage degradation leads to the knowledge that cartilage would have less proteoglycan, more water, and bigger spaces between the fibrils during the early stages of tissue degradation. Consequently, one can conclude that the values of the relaxations and diffusion would increase when the tissue is degraded (provided that the fibril matrix is still intact), which has indeed been observed in T~2~ relaxation,^[@r63],[@r93]^ T~1ρ~ relaxation^[@r44]-[@r48],[@r51]^ and self-diffusion.^[@r55]-[@r62]^

The accuracy and sensitivity of these molecular-level imaging biomarkers, however, are less than ideal at the present time^[@r4]^ due to some of the factors discussed previously in this review. By reducing the size of the imaging voxel, one can improve the homogeneity of the molecular environment, consequently reducing any artifacts due to partial volume averaging, competing mechanisms, and topographical variations. By reducing the echo time and improving the MRI system, one can reduce the dipolar interaction, consequently reducing orientational influences to T~2~ and T~1ρ~. Finally, by using multidisciplinary techniques, one can discriminate among the various factors and changes and their influence on the functional integrity of cartilage as a load-bearing biological tissue. This would provide critical information towards the development of novel methods for early detection and effective monitoring of the aetiology of cartilage diseases at both clinical and molecular levels.

Conclusions
===========

In contrast to most clinical MRI studies of cartilage for which the imaging resolution is about several hundreds of microns or poorer, µMRI can have a transverse resolution as fine as tens of microns across the depth of the cartilage tissue. At the present time, this high resolution is not possible in clinical MRI. Hence, µMRI at the present stage is a basic research tool for the benches in the labs. Given the fact that µMRI shares the same physics and engineering principles with clinical MRI, however, µMRI study of animal models of human diseases presents itself as a logical and ideal combination. µMRI has direct and immediate clinical relevance in that one can identify the parameter or procedure that might be useful clinically. In addition, since µMRI resolutions sit between those of ultrastructural optical/electronic imaging and clinical MRI, the µMRI projects provide an ideal intermediate-resolution platform to coarse-grain the ultrastructural results for an eventual clinical application.

We have been studying articular cartilage for nearly 20 years in our lab, initially using µMRI because it can map the physical properties of viable cartilage in its near-native environment. In the later 1990s, we started to incorporate PLM (polarised light microscopy) in our work, because PLM (the gold standard in histology) can image the collagen organisation,^[@r39],[@r90],[@r93]^ which modulates the µMRI signal. As our projects progressed, we needed to image the molecular concentrations in the early lesion cartilage as directly as possible, at high resolutions. For this reason, since 2005, we started to use FTIRI (Fourier-transform infrared imaging) in our work. FTIRI is sensitive to the vibration of dipole moments of chemical bonds in tissue.^[@r94]-[@r97]^ In addition to these high-resolution imaging tools, we also employ several biomechanical and biochemical methods -- each measures a unique aspect of the tissue's bulk properties and can be correlated with the spatially resolved changes in imaging. This multidisciplinary research approach is a recognition that many of today's biomedical problems are best addressed using multi-disciplinary techniques; each method has its own scientific merit.^[@r19]^ In view of the molecular and ultrastructural changes due to early diseases and the interdependent structure-function-property relationships in tissue, applying multi-disciplinary techniques can discriminate among the various factors and changes and their influence on the functional integrity of cartilage as a load-bearing material. Even though neither µMRI nor PLM nor FTIRI has the resolution to identify individual collagen fibrils or other molecules, a multidisciplinary micro-imaging approach can identify subtle changes in the morphological structure and molecular concentration in cartilage due to natural lesions and mechanical loading, enabling the monitoring and prediction of early changes in tissue that lead to cartilage degradation as a clinical disease.
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